ATP-competitive inhibitors of PKC (protein kinase C) such as the bisindolylmaleimide GF 109203X, which interact with the ATPbinding site in the PKC molecule, have also been shown to affect several redistribution events of PKC. However, the reason why these inhibitors affect the redistribution is still controversial. In the present study, using immunoblot analysis and GFP (green fluorescent protein)-tagged PKC, we showed that, at commonly used concentrations, these ATP-competitive inhibitors alone induced redistribution of DAG (diacylglycerol)-sensitive PKCα, PKCβII, PKCδ and PKCε, but not atypical PKCζ , to the endomembrane or the plasma membrane. Studies with deletion and point mutants showed that the DAG-sensitive C1 domain of PKC was required for membrane redistribution by these inhibitors. Furthermore, membrane redistribution was prevented by the aminosteroid PLC (phospholipase C) inhibitor U-73122, although an ATP-competitive inhibitor had no significant effect on acute DAG generation. Immunoblot analysis showed that an ATP-competitive inhibitor enhanced cell-permeable DAG analogue-or phorbol-ester-induced translocation of endogenous PKC. Furthermore, these inhibitors also enhanced [ 3 H]phorbol 12,13-dibutyrate binding to the cytosolic fractions from PKCα-GFP-overexpressing cells. These results clearly demonstrate that ATP-competitive inhibitors cause redistribution of DAG-sensitive PKCs to membranes containing endogenous DAG by altering the DAG sensitivity of PKC and support the idea that the inhibitors destabilize the closed conformation of PKC and make the C1 domain accessible to DAG. Most importantly, our findings provide novel insights for the interpretation of studies using ATPcompetitive inhibitors, and, especially, suggest caution about the interpretation of the relationship between the redistribution and kinase activity of PKC.
INTRODUCTION
PKC (protein kinase C), of which there are at least ten isoforms, is a lipid-dependent serine/threonine kinase regulating intercellular signalling in numerous cellular processes. All isoforms of PKC have an N-terminal regulatory cofactor-binding domain and a Cterminal catalytic kinase domain. In contrast with their highly conserved catalytic domain, which contains an ATP-binding site and a substrate-binding site, the regulatory domain is more variable. PKC isoforms are divided into three groups on the basis of differences in the regulatory domain: cPKC (conventional PKC; α, βI, βII and γ ), nPKC (novel PKC; δ, ε, η and θ ) and aPKC (atypical PKC; ζ and ι/λ). The regulatory domains of cPKCs and nPKCs contain two conserved domains, the C1 domain (C1A and C1B) and the C2 domain. The C1 domain binds DAG (diacylglycerol) or tumour-promoting phorbol esters such as PMA. The C2 domain binds acidic phospholipids and also, in cPKCs, Ca 2+ . The C2 domain of nPKCs lacks amino acids involved in Ca 2+ binding. Therefore, under physiological conditions, the activation of cPKCs is regulated by both DAG and Ca 2+ , whereas the activation of nPKCs is Ca 2+ -independent. aPKCs have a DAG-insensitive C1 domain and lack the C2 domain in the regulatory domain. Therefore, the activation of aPKCs is both DAG-and Ca 2+ -independent [1, 2] . PKCs are mainly localized in the cytosol in the inactive state, and, upon activation, translocate from the cytosol to the plasma membrane or other intracellular compartments to phosphorylate the substrates [3] . It has been established that cPKCs preferentially translocate to the plasma membrane in response to acute increases in membrane DAG and intracellular Ca 2+ resulting from the activation of PLC (phospholipase C) [4] . PLC mediates the hydrolysis of membrane Ptd(4,5)P 2 to DAG and Ins(1,4,5)P 3 , which elevates intracellular Ca 2+ by binding to its intracellular receptors [1, 2] . Phorbol esters have also been shown to induce translocation of cPKCs and nPKCs to the plasma membrane [5, 6] . Another lipid mediator, ceramide, has been reported to induce the translocation of PKCδ and PKCε to perinuclear regions such as the Golgi complex [7] .
In addition, there is increasing evidence that PKCs also regulate intracellular signalling through protein-protein and/or proteinlipid interactions, without the involvement of phosphorylation, in several cellular processes. For example, Hu and Exton [8] have provided in vivo evidence that PKCα activates PLD1 through a protein-protein interaction. Larsson and co-workers [9, 10] have shown, in neuroblastoma cells, that the regulatory domain of PKCθ induces apoptosis and, furthermore, that PKCε induces neurite-like processes through its regulatory domain. Induction of apoptosis by PKCδ was shown to be independent of the kinase activity in vascular smooth-muscle cells [11] .
The microbial alkaloid staurosporine and its synthetic analogues such as the bisindolylmaleimides GF 109203X and Ro-31-8220 are known as potent PKC inhibitors [12] [13] [14] . Staurosporine-related Gö 6976 is also known as cPKC specific inhibitor [15] . These compounds interact with the ATP-binding site of PKCs and inhibit the kinase activity [12] [13] [14] [15] . Crystal structures of the staurosporine-complexed PKCθ kinase domain and GF 109203X-complexed atypical PKCι catalytic domain have been reported [16, 17] . Therefore, these inhibitors have been widely used to investigate the involvement of the kinase activity of PKC in cellular processes. However, recent evidence indicates that these staurosporine-related compounds (described as 'ATPcompetitive inhibitors') not only inhibit the kinase activity of PKC, but also affect its redistribution after initial translocation [18] [19] [20] [21] [22] [23] [24] . It is well known that ATP-competitive inhibitors prolong the plasma-membrane translocation of cPKC in response to receptor stimulation or to the cell-permeable DAG analogue DiC8 (1,2-dioctanoyl-sn-glycerol) [18] [19] [20] . Our previous study [21] and that of Signorelli et al. [22] showed that pervanadateor ceramide-induced PKC reverse translocation to the cytosol was prevented by treatment with ATP-competitive inhibitors. In addition, surprisingly, Hu and Exton [23] reported that treatment with the staurosporine analogues Ro-31-8220 and GF 109203X alone apparently induces translocation of PKCα to the membrane fraction. However, it is still controversial whether all those events were simply caused by inhibition of PKC kinase activity by the inhibitors. In addition, as described above, since several PKC functions are not dependent on the kinase activity, but rather mediated by protein-protein interaction, it is important to determine whether ATP-competitive inhibitors also induce translocation of the other PKC isoforms and, if so, the mechanisms involved. However, to date, these issues also remain unclear.
In the present study, in order to understand why ATPcompetitive inhibitors affect PKC redistribution, we first examined whether the inhibitors cause translocation of several isoforms of PKC. The result and the subsequent experiments clearly show that ATP-competitive inhibitors induce redistribution of DAG-sensitive PKCs to the membrane containing endogenous DAG by altering DAG sensitivity of PKC. (C-20) , anti-PKCα monoclonal antibody (H-7), anti-actin monoclonal antibody (C-2), goat anti-rabbit IgG-HRP (horseradish peroxidase) conjugate and and goat antimouse IgG-HRP conjugate were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). Anti-GFP polyclonal antibody was purchased from Molecular Probes (Eugene, OR, U.S.A.).
EXPERIMENTAL

Plasmid constracts
The expression plasmids bearing cDNA of GFP, GFP-tagged PKCs and GFP-tagged deletion and point mutants of PKCδ and PKCε were prepared as described previously [9, 25] . PKCα and PKCδ were mutated in the autophosphorylation site using QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene). The following mutagenic primers were used: 5 -C ACA CGA GGG CAG CCT GTC CTC GAG CCA CCA GAT CAG CTG GTC-3 (for αT638E); 5 -C CAG TCT GAT TTT GAA GGG TTC  GAA TAT GTC AAC CCC CAG TTT GTG C-3 (for αT657E); 5 -C GAT GAG GTT CTT GTC ACT GAA CTC GAG TTG GGG   TTT CTC ATT CAG G-3 (for δS643E); 5 -G CTC ATA TTT  GGG GTT CAC GAA TTC GAA GCC CTT GAA GGC TGT  CTG G-3 (for δS662E) . GFP-tagged deletion mutants of PKCα and PKCδ lacking the C1A or C1B domain were constructed using QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene) [26] with PKCα-GFP or PKCδ-GFP as a template. The primers used for the deletion were as follows: 5 -G AAG AAC GTG CAT GAG GTG AAA GAC CCG GGT GCG GAT AAG GGA CCT GAC-3 and 5 -GTC AGG TCC CTT ATC CGC ACC CGG GTC TTT CAC CTC ATG CAC GTT CTT C-3 (for αC1A); 5 -GAC ACT GAT GAC CCC AGA AGC AAG GGA ATG GAT CAC ACA GAG AAG AGG-3 and 5 -CCT CTT CTC TGT GTG ATC CAT TCC CTT GCT TCT GGG GTC ATC AGT GTC-3 (for αC1B); 5 -GCC AAG ATT CAC TAC ATC AAG AAC ACT GGC ACT GCT ACC AAT AGC CGG G-3 and 5 -C CCG GCT ATT GGT AGC AGT GCC AGT GTT CTT GAT GTA GTG AAT CTT GGC-3 (for δC1A). All PCR products were sequenced to comfirm that they contained the right mutations. In addition, using immunoblot analysis with anti-GFP antibody (described below), we confirmed that the molecular mass of each GFP-tagged mutants was appropriate.
Cell culture and transfection
HL-60 cells were maintained in RPMI 1640 medium supplemented with 20 % (v/v) heat-inactivated fetal bovine serum. HeLa cells were maintained in Eagle's minimum essential medium supplemented with 10 % fetal bovine serum. COS-7 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10 % fetal bovine serum. All media were supplemented with 100 units/ml penicillin and 100 µg/ml streptomycin. Glassbottomed culture dishes 3.5 cm in diameter were seeded with 1 × 10 5 cells 16-24 h before transfection, and transient transfection was performed with FuGENE TM 6 (Roche) according to the manufacture's instructions. Transfected cells were cultured at 37
• C for 16-48 h prior to imaging and immunoblotting.
Subcellular fractionation and immunoblot analysis
Subcellular fractionation was performed as described previously [27] with slight modification. Briefly, HL-60 cells were washed once with ice-cold PBS and resuspended in ice-cold homogenization buffer (5 mM EGTA, 2 mM EDTA, 1 mM PMSF and protease-inhibitor cocktail tablets in PBS) before homogenization. HeLa cells were usually stimulated with inhibitor 1 h after serum starvation [replaced with PBSG (PBS with 5 mM glucose) containing 1 mM MgCl 2 ]. HeLa cells were washed once with ice-cold homogenization buffer and harvested using ice-cold homogenization buffer. After homogenization using a sonicator, the cell lysate was centrifuged at 500 g for 10 min at 4 • C to remove nuclei and unbroken cells. The supernatant was then centrifuged at 100 000 g for 30 min at 4
• C to separate the cytosolic and particulate fractions. Immunoblot analysis was performed as described previously [27] .
Confocal microscopy
The culture medium was replaced with normal Hepes buffer (135 mM NaCl, 5.4 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , 5 mM Hepes and 10 mM glucose, pH 7.3) just before stimulation. The fluorescence of GFP was monitored under a Zeiss LSM 510 confocal laser-scanning fluorescence microscope at 488 nm excitation with a 505/550 nm bandpass barrier filter. All experiments were performed at 37
• C. DiC8 was well mixed using the sonicator before use. 
Measurement of intracellular DAG level
Total lipid extraction and determination of the DAG content were performed using a classical DAG kinase assay as described previously [28] , with modification. HeLa cells were harvested and resuspended in 100 µl of PBS and 100 µl of 1 M NaCl. The samples were extracted with 375 µl of chloroform/methanol (1:2, v/v). Then 125 µl of chloroform and 125 µl of 1 M NaCl were added and the chloroform phases were separated by centrifugation at 5000 g and dried under N 2 . The dried lipid samples were solubilized in 20 µl of a detergent solution (125 mM octyl β-D-glucoside and 200 µg of phosphatidylserine) by sonication. The lipid solution was added to 30 µl of reaction buffer {83 mM Mops (pH 7.2) 33 mM NaF, 1.7 mM dithiothreitol, 17 mM MgCl 2 , 0.33 mg/ml recombinant DAG kinase (a gift from Dr Naoaki Saito, Biosignal Research Center, Kobe University, Kobe, Japan), 1.7 mM ATP and [γ -
32 P]ATP}. The samples were incubated at 25
• C for 30 min, and then 20 µl of 1% perchloric acid and 450 µl of chloroform/methanol (1:2, v/v) were added. The samples were mixed, and lipids were extracted from the lower chloroform phase following addition of 150 µl of chloroform and 150 µl of 1% perchloric acid. The lower chloroform phase was washed twice with 700 µl of 1% perchloric acid and spotted on to silica-gel-60 thin-layer-chromatography plates. The plates were developed with chloroform/methanol/acetic acid (65:15:5, by vol.) and air-dried. Phosphatidic acid production was quantified using a Fujifilm BAS-2500 Storage Phosphor Imager.
In Vitro [ 3 H]PDBu binding assay
The PDBu binding assay was carried out using the procedure of Wender et al. [29] with modification. The standard mixture (250 µl) in 1.5 ml Eppendorf tubes contained 20 mM Tris/HCl, pH 7.5, 4 mg/ml BSA, 150 µg/ml 1,2-di-(cis-9-octadecenol)-
, and the cytosolic fractions prepared from equal numbers of COS-7 cells transiently expressing PKCα-GFP (2.5 × 10 5 cell equivalents). COS-7 cells were transiently transfected by electroporation and cultured for 24 h and the cytosolic fractions were prepared as described above. Samples were incubated for 90 min at 4
• C. The [ 3 H]PDBu-bound complex was separated from free ligand by rapid filtration through a 2.1-cm-diameter Whatman GF/B filter, pretreated with freshly prepared 0.3 % polyethylenimine for at least 2 h. The sample tube was rinsed with ice-cold 20 mM Tris/HCl, pH 7.5, and the rinse solution was then passed through the filter. The filter was further washed with ice-cold Tris/HCl, pH 7.5. Each filter was then placed in a scintillation vial. Radioactivity (d.p.m.) was determined with a Beckman liquid-scintillation counter. Non-specific binding was measured using an excess of non-radioactive PDBu (30 µM). The curve was fitted to a hyperbola using the computer software Microcal Origin (version 5.0J; Origin LabCorp, Northampton, MA, U.S.A.).
RESULTS
ATP-competitive inhibitors induce translocation of endogenous PKCα and PKCδ, but not PKCζ , to the particulate fraction
The α, δ, and ζ isoforms of PKC have been shown to be expressed endogenously in HeLa cells [30] . Therefore we first examined whether the ATP-competitive inhibitor GF 109203X induced translocation of endogenous PKCα, PKCδ and PKCζ in HeLa cells. As illustrated in Figure 1(A) , treatment of HeLa cells with GF 109203X at 1 µM, a concentration that is commonly used to inhibit the kinase activity of PKC, for 20 min induced translocation of PKCδ from the cytosolic to the particulate fraction. GF 109203X at 10 µM also induced translocation of PKCα, as previously reported by Hu and Exton [23] , whereas GF 109203X had no effect on the localization of PKCζ . Surprisingly, translocation of PKCδ began within 1 min of treatment with 5 µM GF 109203X ( Figure 1B ), whereas translocation of PKCα began within 30 min of treatment. We also examined whether the other ATP-competitive inhibitors staurosporine and Ro-31-8220 induced the translocation of PKCα and PKCδ. Staurosporine and Ro-31-8220 at concentrations of 0.1 µM and 5 µM respectively also induced translocation of PKCα and PKCδ to the particulate fraction ( Figure 1C ). Furthermore, we examined the effect of Gö 6976, a cPKC-specific inhibitor, on the localization of PKCα and PKCδ. Interestingly, treatment with Gö 6976, at even 1-5 µM, did not induce translocation of PKCδ, whereas GF 109203X, at the same concentrations, induced translocation of PKCδ. Treatment with Gö 6976 caused translocation of PKCα, although the effect was very subtle ( Figure 1D ). Furthermore, induction of translocation of PKC by the inhibitors was not restricted to HeLa cells, since it was also observed in another cell type, namely HL-60 cells (results not shown). These results indicate that, at commonly used concentrations, ATP-competitive inhibitors induce translocation of endogenous PKCα and PKCδ, but not PKCζ , to the particulate fraction.
ATP-competitive inhibitors selectively induce redistribution of DAG-sensitive PKCs to the endomembrane or the plasma membrane
To further characterize the effect of ATP-competitive inhibitors on localization of PKC, we used confocal microscopy to monitor the intracellular movement of several GFP-tagged PKC isoforms (cPKC, α and βII; nPKC, ε; aPKC, ζ ) transiently transfected into living HeLa cells. Treatment with 0.5-1 µM GF 109203X induced a preferential redistribution of PKCδ-and PKCε-GFP to the perinuclear region (Figures 2A-2C ). In addition, the response of PKCδ-GFP to the inhibitors was very rapid and prolonged ( Figure 2C ), consistent with the results for endogenous PKCδ ( Figure 1B) . PKCα-and PKCβII-GFP redistributed to the plasma membrane as well as to the endomembranes in response to GF 109203X, and the response was slow (Figures 2A-2C ), consistent with that of endogenous PKCα ( Figure 1B ). In addition, higher concentrations (1-5 µM) of the inhibitor were required to induce apparent membrane redistribution ( Figure 2B ). Conversely, treatment with the inhibitor at 10 µM for 60 min neither induced redistribution of PKCζ -GFP to the plasma membrane nor the endomembrane (see the Discussion) (Figures 2A and 2B) , which is also consistent with the response of endogenous PKCζ described above ( Figure 1A) . Treatment with staurosporine (0.1 µM for δ and ε isoforms, 0.5 µM for α and βII isoforms) also induced redistribution of GFP-tagged PKCs in a similar fashion (results not shown). In addition, staurosporine did not induce membrane redistribution of PKCζ -GFP (results not shown). Treatment with 10 µM Gö 6976 did not cause perinuclear redistribution of PKCδ-GFP, although the treatment induced slight plasma membrane redistribution of PKCα-GFP (results not shown). These results indicate that ATP-competitive inhibitors selectively induce redistribution of DAG-sensitive PKCs to the endomembrane or the plasma membrane.
PKCs with autophosphorylation sites mutated to glutamate also redistribute in response to ATP-competitive inhibitors
Next we investigated the mechanism by which ATP-competitive inhibitors induce the membrane redistribution of DAG-sensitive PKCs. PKCs are well known to contain autophosphorylation sites in their C-termini [1, 18, 20] Therefore, to confirm that ATP-competitive inhibitors cause membrane redistribution of PKC independently of the phosphorylation state of autophosphorylation sites, we examined whether ATP-competitive inhibitors also induce membrane redistribution of PKCα and PKCδ with autophosphorylation sites (T638 and S657 for PKCα, S643 and S662 for PKCδ) mutated to glutamate (αEE and δEE respectively), an amino acid commonly used to mimic phosphate. As shown in Figure 3 , treatment with GF 109203X also induced membrane redistribution of αEE and δEE mutants. In addition, the time course and distribution pattern of the glutamate mutants were similar to those of wild-types ( Figures 3A and 3B) . These results indicate that ATP-competitive inhibitors cause PKC membrane redistribution independently of the phosphorylation state of the C-terminus autophosphorylation sites.
PKC membrane redistribution by ATP-competitive inhibitors requires its DAG-sensitive C1 domain
As shown in Figures 1(A) and 2(B) , treatment with GF 109203X at 10 µM, a concentration that inhibits the kinase activity of PKCζ [15] , did not induce membrane redistribution of endogenous and GFP-tagged PKCζ , whereas such treatment did induce apparent translocation of DAG-sensitive PKCα and PKCδ. Therefore we speculated that interaction of the ATP-competitive inhibitor with the ATP-binding site is not sufficient for the induction of membrane redistribution of PKC and that the DAG-sensitive C1 domain is also required. To assess this possibility, we examined the effect of the deletion of C1A or C1B domain on GF 109203X-or DiC8-induced membrane redistribution of PKCα and PKCδ. Using immunoblot analysis with anti-GFP antibody, we confirmed that the molecular masses of the GFP-tagged mutants were appropriate and no significant degradation products were detected ( Figure 4A ). Treatment with 5 µM GF 109203X had no effect on the localization of PKCα deletion mutant lacking C1A domain (α C1A), although the treatment several times induced membrane redistribution of the C1B domain deletion mutants (α C1B) ( Figures 4B and 4C ). In addition, whereas treatment with 25 or 50 µM DiC8 induced marked transient translocation of wild-type PKCα, the treatment induced slight translocation of α C1A and α C1B in a few cases ( Figure 4D) . Unexpectedly, the PKCδ deletion mutant lacking the C1A domain (δ C1A) was mainly localized in the perinuclear region in unstimulated cells. However, treatment with 1 µM GF 109203X enhanced the perinuclear accumulation of δ C1A ( Figures 4B  and 4C ). In addition, treatment with 25 or 50 µM DiC8 induced slight translocation of δ C1A to the plasma membrane and a considerable decrease in the amount of δ C1A in the perinuclear region ( Figure 4D ). The C1B domain deletion mutant of PKCδ (δ C1B) was localized in the cytosol and never translocated in response to GF 109203X or DiC8 ( Figures 4B, 4C and 4D ). Recently it has been shown that deletion of εC1 and εC1B domains, but not εC1A domain, or the εC1B point mutant εC259G, decreased membrane translocation of PKCε in response to DiC8 [31] . Therefore we further examined the effects of GF 109203X on the localization of these deletion and point mutants of PKCε. Whereas treatment with 1 µM GF 109203X caused redistribution of DAG-sensitive ε C1A to the perinuclear region, the treatments had no effect on the localization of ε C1, ε C1B and εC259G ( Figure 4E ). These results indicate that PKC membrane redistribution by ATP-competitive inhibitors requires its DAG-sensitive C1 domain.
An inhibitor of PLC, U-73122, prevents PKC membrane redistribution by ATP-competitive inhibitors
To investigate whether endogenous DAG generated by PLC is involved in membrane redistribution of PKC by ATP-competitive inhibitors, we examined the effects of U-73122, a PLC inhibitor, on the membrane redistribution of PKC by ATP-competitive inhibitors. Treatment with 2 µM U-73122 for 10 min prevented the membrane redistribution of PKCδ-GFP after treatment with ATPcompetitive inhibitors, whereas treatment with 2 µM U-73343, the inactive analogue of U-73122, had no effect on the membrane redistribution ( Figure 5A ). U-73122 also prevented membrane redistribution of PKCα-GFP by ATP-competitive inhibitors (results not shown). These results were further confirmed by an immunoblot analysis showing that treatment with 4 µM U-73122 for 30 min also prevented GF 109203X-induced translocation of endogenous PKCδ ( Figure 5B ).
ATP-competitive inhibitors do not cause acute PLC activation and DAG generation
To further investigate whether the ATP-competitive inhibitors induce acute DAG generation through activation of PLC, we measured intracellular DAG levels by a classical DAG kinase assay. As shown in Figure 5 (C), treatment with staurosporine for 15 min had no significant effect on the intracellular DAG level, whereas treatment with histamine, which is known to induce activation of PLC in HeLa cells [32] , for 5 min increased intracellular DAG by approx. 40 % compared with control cells. These results indicate that treatment with staurosporine does not cause acute activation of PLC and generation of DAG. Furthermore, we examined the effect of U-73122 or U-73343 on the intracellular level of DAG. Interestingly, the DAG level in U-73122-treated cells was decreased by at least 20 % compared with control cells, whereas that in U-73343-treated cells was not decreased ( Figure 5C ). These results suggest that endogenous DAG generated by the basal activity of PLC was required for PKC membrane redistribution by ATP-competitive inhibitors.
ATP-competitive inhibitors enhance DiC8-and PMA-induced translocation of PKC
The observations described in Figure 5 prompted us to hypothesize that PKC molecules become more sensitive to DAG when they interact with an ATP-competitive inhibitor and that, as a result, PKC redistributes to the plasma membrane and endomembrane, which contain endogenous DAG generated by the basal activity of PLC. To explore this possibility in vivo, we used immunoblot analysis to examine whether pretreatment with an ATP-competitive inhibitor enhances DiC8-induced translocation of endogenous PKCα and δ in HL-60 cells. As illustrated in Figure 6 (A), treatment with 0.5 µM GF 109203X alone had no effect on the localization of PKCα, whereas pretreatment with 0.5 µM GF 109203X caused a marked increase in the amount of PKCα in the particulate fraction after DiC8 treatment ( Figure 6A, top) . Similarly, induction of translocation of PKCδ by DiC8 in combination with GF 109203X required a lower concentration of DiC8 compared with induction by DiC8 alone (Figure 6A, bottom) . We further examined whether an ATPcompetitive inhibitor enhances translocation of PKC induced by the phorbol ester PMA. As shown in Figure 6 (B), treatment with 10 nM PMA alone for 20 min had no effect on the localization of PKCα, whereas a combination of 1 µM GF 109203X and 10 nM PMA increased the amount of PKCα in the particulate fraction ( Figure 6B, top) . For PKCδ, although treatment with 10 nM PMA alone induced some translocation, pretreatment with GF 109203X followed by addition of 10 nM PMA caused complete translocation of PKCδ from the cytosol to the particulate fraction ( Figure 6B, bottom) . Similar results were obtained in HeLa cells (results not shown). We further examined the effect of exogenously added DiC8 on the GF 109203X-induced endomembrane redistribution of PKCδ-GFP. Pretreatment of HeLa cells with 10 µM DiC8 caused transient . We used U-73122 at a lower concentration (2 µM) in the confocal analysis because higher concentrations of U-73122 seemed to affect cell adhesion to some extent, perhaps as a result of the lower cell density.
translocation of PKCδ-GFP to the plasma membrane, whereas subsequent treatment with 1 µM GF 109203X greatly prolonged translocation to the plasma membrane ( Figure 6C ), but did not induce redistribution to the perinuclear region, as observed with GF 109203X treatment alone ( Figure 2C ). This effect was also observed in PKCε-GFP-overexpressing HeLa cells (results not shown). These results indicate that ATP-competitive inhibitors enhance DiC8-and PMA-induced translocation of PKC.
ATP-competitive inhibitors enhance [ 3 H]PDBu binding to the cytosolic fractions prepared from PKCα-GFP-overexpressing cells
Finally, to gain further insight into the mechanism by which ATPcompetitive inhibitors make PKC sensitive to DAG, we examined the effect of ATP-competitive inhibitors on [ 
DISCUSSION
In the present study we showed that ATP-competitive inhibitors, which interact with the ATP-binding site of the PKC molecule, induce membrane redistribution of DAG-sensitive PKCs. The results from subsequent experiments suggest that these inhibitors alter the DAG sensitivity of the PKC molecule, thereby causing redistribution of PKC to the membrane containing DAG generated by basal PLC activity.
Our immunoblot analysis, as well as the in vitro binding assay, suggests that ATP-competitive inhibitors alter the DAGor phorbol-ester-binding ability of the PKC molecule, although GF 109203X, one of the inhibitors, did not appear to increase the affinity of at least PKCα-GFP for PDBu ( Figure 6 ). In contrast with our results, a previous study has shown that GF 109203X had a slight effect on [ 3 H]PDBu binding to PKC [13] . This difference may have resulted from the conformational state of the enzyme used (as described below) or the experimental system, although the precise reason remains unclear. In fact, in our system, ATP-competitive inhibitors were unsuccessful in greatly increasing the binding of [ 3 H]PDBu to whole-cell lysate that was prepared with homogenization buffer containing 1 % Triton X-100 (results not shown). The mechanism by which interaction with ATP-competitive inhibitors alters the DAG sensitivity of PKC molecules is unknown. Our present study showed that, as in the case of wild-type PKCα and PKCδ, αEE and δEE autophosphorylation mutants were also membraneredistributed in response to GF 109203X (Figure 3) . It has been reported that GF 109203X does not affect the phosphorylation of PKCα [18] . In addition, several studies have showed that PKC with autophosphorylation sites mutated to alanine was mainly localized in the cytosol [18, 22] . Therefore it is unlikely that dephosphorylation of autophosphorylation sites of PKC is responsible for the membrane redistribution by ATP-competitive inhibitors. A previous report has speculated that ATP-competitive inhibitors destabilize the closed conformation of PKC, thereby exposing the C1a domain and making it available for interaction with DAG [18] . Several studies have shown that, similar to the results obtained using ATP-competitive inhibitors, mutation of an ATP-binding site also prolongs the plasma-membrane localization of cPKC in response to receptor stimulation or DiC8 [18, 20] . Interestingly, Perander et al. [33] have shown that an ATP-binding site mutant of λPKC, an isoform of DAGinsensitive aPKC, accumulates in the cell nucleus, whereas the wild-type kinase is mainly cytosolic. In addition, this nuclear accumulation was shown to be not correlated with the activity status of the kinase. Instead, their results indicated that disruption of the intramolecular interactions by mutation of the ATPbinding site of λPKC led to nuclear localization. The reported crystal structure of PKCθ -staurosporine indicates that the binding of staurosporine affects the conformation of the PKCθ kinase domain [16] . Furthermore, the crystal structure of the catalytic domain of atypical PKCι complexed with GF 109203X has been reported. That study also revealed that the bound GF 109203X blocks the ATP-binding site and converts the kinase domain into an intermediate open conformation [17] . Interestingly, we observed that prolonged treatment with higher concentrations of ATP-competitive inhibitors caused nuclear accumulation of PKCζ -GFP (results not shown). Overall, on the basis of the ideas and evidence described above, we also speculate that interaction of ATP-competitive inhibitors with the ATP-binding site of PKCs causes disruption of the intramolecular interactions (closed conformation) and makes the C1 domain accessible to DAG, and that, as a result, DAG-sensitive PKCs become more sensitive to DAG. This speculation also explains why nPKC responses to the inhibitor more rapidly than cPKC, as shown in Figure 1 and 2 (cPKC is regulated by not only its C1 domain, but also its Ca 2+ -sensitive C2 domain). We observed that some other types of PKC inhibitor also cause PKC redistribution (results not shown). Therefore it is possible that this concept also applies to other type PKC inhibitors. To date, a number of studies, including a previous one of our own, have shown that ATP-competitive inhibitors prevent membrane dissociation or re-localization of PKC after initial translocation in response to various stimuli [18] [19] [20] [21] [22] [23] [24] . From results using the inhibitors, some of those studies have concluded that the kinase activity of PKC (to phosphorylate the putative substrate) is required for those events. However, our present results clearly raise the question as to whether those events, including the membrane dissociation, indeed required the kinase activity. In fact our results suggest another possibility, namely that, due to a more open conformation of the PKCinhibitor complex, PKC merely retains its localization at the membrane containing DAG or phorbol ester.
Recent studies indicate that the C1A and C1B domains of PKCs are functionally distinct. Previous studies by Cho and co-workers indicated that the C1A domain plays a critical role in the DAGinduced membrane binding and activation of PKCα [34, 35] . In addition, in-vitro-activity and membrane-binding analyses by Cho and co-workers also showed that the C1A domain is critical for the Experimental section in the presence of DMSO or 10 µM GF 109203X. The expression of PKCα-GFP was confirmed by immunoblotting with anti-GFP and anti-PKCα antibodies. Results are representative of at least three separate experiments, with duplicate determinations in each experiment.
the DAG-induced membrane binding and activation of PKCδ [36] . Consistent with the results obtained by Cho and colleagues, we showed that treatment with DiC8 had no significant effect on the localization of α C1A, although the treatment had only minor effects on the localization of α C1B ( Figure 4D ). In addition, ATP-competitive inhibitors had no effect on the localization of α C1A (Figures 4B and 4C ). In the case of PKCδ, however, the deletion of the C1B domain caused a loss of responsiveness to DiC8, whereas δ C1A was still sensitive to DiC8 (although δ C1A mainly localized in the perinuclear region) ( Figure 4D ). ATP-competitive inhibitors also had no effect on the localization of δ C1B, whereas the treatment enhanced the perinuclear accumulation of δ C1A (Figure 4B and C) . The reason why α C1B also lacks DAG sensitivity is unknown. In addition, it is also unknown what causes the different results between Cho et al.'s and our studies regarding the responsible domain of PKCδ for DAG, although the difference may also have resulted from the experimental system. Importantly, our study showed that the responsiveness of the deletion mutants of PKCα and PKCδ to the inhibitors was highly correlated with that of the mutants to the DiC8. Furthermore, our results showed that GF 109203X had no effect on the localization of ε C1, ε C1B and εC259G, whereas the treatment induces redistribution of ε C1A to the perinuclear region. The responsiveness of the mutants to the inhibitor is also correlated with that of the mutants to DiC8 recently reported [31] . Therefore we concluded that the DAGsensitive C1 domain of individual PKC isoforms is required for the membrane redistribution by the inhibitors.
Our cell-imaging studies showed that the perinuclear region is the preferential targeting site of nPKC in response to ATPcompetitive inhibitors (Figure 2) . Cell-fractionation studies have shown that DAG can be produced locally in the plasma membrane, internal membranes or the nucleus [2, 37, 38] . In addition, it has been shown that protein kinase D is recruited to the trans-Golgi network by direct binding of DAG [39] and that Ras guanyl nucleotide-releasing protein 1 translocates to the Golgi apparatus in response to Src-dependent activation of PLCγ 1 [40] . Our present results showed that treatment with U-73122, a PLC inhibitor, reduced the intracellular DAG level ( Figure 6C ). All of the above evidence suggests that DAG can be produced locally in endomembranes such as the Golgi complex, as well as in the plasma membrane, by basal PLC activity under normal growth conditions, which may explain why PKCδ redistributes to the perinuclear region in response to ATP-competitive inhibitors. Using confocal microscopy, we also observed the attenuated perinuclear accumulation of PKCδ-GFP induced by ATP-competitive inhibitors after serum starvation for 1 h or more (replaced with Hepes buffer) (results not shown), although immunoblot analysis showed, even after serum starvation for 1 h, that the inhibitors caused sufficient translocation of endogenous PKCs (Figure 1 ). On the other hand, however, it is still unclear why nPKC redistributes preferentially to the perinuclear region and not to the plasma membrane. A recent excellent study by Dries et al. [41] identified a single residue in the C1 domain that sensitizes nPKC to cellular DAG production. The residue was also shown to play an important role in the targeting of nPKC to the Golgi. Therefore, one possible explanation is that the affinity of an individual C1 domain for DAG is responsible for the targeting site of ATP-competitive inhibitors-treated PKCs.
In summary, our experiments clearly demonstrate that, at concentrations commonly used to inhibit kinase activity in a large number of previous studies, ATP-competitive inhibitors also affect the localization of PKC isoforms, perhaps by disrupting the closed conformation. That is to say, these inhibitors also induce membrane accumulation of inactive PKCs. Since PKC has also been shown to mediate intracellular signalling by protein-protein interactions, as described in the Introduction, our findings may provide novel insights for the interpretation of the conflicting data with regard to ATP-competitive inhibitors. Furthermore, although it is currently believed that the kinase activity of PKC is required for several redistribution events, including membrane dissociation, our results clearly question the validity of this notion.
